Most tumors initially respond to cytotoxic treatments, but acquired resistance often follows. The tumor microenvironment (TME) is a major barrier to clinical success by compromising therapeutic efficacy, and pathological relevance of multiple soluble factors released by a therapeutically remodeled TME remains largely unexplored. Here we show that the secreted frizzled-related protein 2 (SFRP2), a Wnt pathway modulator, is produced by human primary fibroblasts after genotoxic treatments. SFRP2 induction is remarkable in tumor stroma, with transcription mainly modulated by the nuclear factor-κB (NF-κB) complex, a property shared by several effectors of the DNA damage secretory program. Instead of directly altering canonical Wnt signaling, SFRP2 augments β-catenin activities initiated by WNT16B, another soluble factor from DNA-damaged stroma. WNT16B recognizes cancer cell surface receptors including frizzled (FZD) 3/4/6, a process enhanced by SFRP2, coordinated by the co-receptor LRP6 but subject to abrogation by DKK1. Importantly, we found WNT16B plays a central role in promoting advanced malignancies particularly acquired resistance by counteracting cell death, an effect that can be minimized by a neutralizing antibody co-administered with classical chemotherapy. Furthermore, DNA damage-triggered expression of WNT16B is systemic, imaged by significant induction among diverse solid organs and circulation in peripheral blood, thereby holding promise as not only a TME-derived anticancer target but also a novel biomarker for clinical evaluation of treatment efficacy. Overall, our study substantiates the biological complexity and pathological implication of a therapy-activated TME, and provides the proof of principle of co-targeting tumor and the TME to prevent acquired resistance, with the aim of improving intervention outcome in an era of precision medicine.
INTRODUCTION
Therapeutic resistance remains a universal obstacle in clinical oncology and is a major cause of treatment failure in patients with metastatic tumors. Most regimens are designed to target neoplastic cells, but they also damage adjacent benign constituents in the tumor microenvironment (TME), a phenomenon understood as the off-target effect of anticancer agents. Stromal cells surrounding the primary foci are capable of generating signals to influence tumor phenotypes, thereby displaying the capacity to modify all facets of disease evolution. 1 DNA damage to fibroblasts in the TME promotes synthesis and secretion of soluble factors that enable cancer cells to survive cytotoxicity and exacerbate patient pathophysiology. 2 Thus, effective targeting the treatment-elicited response of the TME holds the potential to weaken or abolish therapeutic resistance resulting from anticancer therapies per se. To this end, studies to corroborate the significance of a damaged TME to tumor progression while providing new opportunities for early therapeutic intervention against cancer resistance development, so far stand out with salient and paramount priority.
Advances in TME biology identified that WNT16B is an important stroma-derived factor under the pressure of chemotherapy, as it dramatically modulates cancer sensitivity. 3 As an effector of the DNA damage secretory program (DDSP) activated by treatment-delivered genotoxicity, WNT16B is upregulated in the stroma of solid tumors including but not limited to prostate, breast and ovarian malignancies. 4 Mechanistically, the nuclear factor-κB (NF-κB) complex acts as a key signaling node that mediates expression of multiple DDSP factors in the posttreatment stage, and DNA damage response signaling ultimately culminates in a phenotype characterized by persistent senescence and robust secretion that creates prosurvival, proangiogenic and proinflammatory TME niches. 5 Besides WNT16B, the DDSP effector pool covers interleukin (IL)-6, IL-8, hepatocyte growth factor (HGF), serine peptidase inhibitor Kazal type 1 (SPINK1), amphiregulin (AREG) and others that can promote adverse tumor phenotypes, particularly cancer cell repopulation and treatment resistance. 4 A detailed understanding of these paracrine signals triggered by genotoxicity provides an ideal platform for designing combinatorial strategies that simultaneously control malignant cells and the TME, in a scenario where both parts subject to the stress dynamics exerted by the antineoplastic regimens.
Members of Wnt superfamily have broad implications in embryogenesis, homeostasis and multiple pathologies. 6 Although insightful appreciation of Wnt proteins has emerged from several systems particularly human studies; therapeutic agents specifically targeting Wnt pathways have only recently entered clinical trials without reaching FDA approval. 7 In more recent work, we noticed SFRP2, a Wnt signaling regulator, was among the top list of DDSP hallmark effectors as revealed by bioinformatic analysis of human fibroblast-derived extracellular proteins after DNA damage. 4 Though frequently reported as a canonical Wnt pathway inhibitor, SFRP2 is positively correlated with malignant progression of angiosarcoma and breast tumors by inducing angiogenesis via activation of the calcineurin/NFATc3 pathway. 8 SFRP2 clearance with a monoclonal antibody inhibits activation of β-catenin and NFATc3, making this factor a novel therapeutic target for a subset of tumor types. 9 In addition, SFRP2 promotes epithelial cell transformation and induces resistance to apoptosis by increasing cell adhesion to the extracellular matrix in breast tumor, while preventing cell death in hypertrophic scar through interactions with transcription factors including Slug. 10, 11 However, functional roles of SFRP2 in the settings of treatment-damaged TME remain elusive. In this study, we defined the expression mechanism of SFRP2 in primary fibroblasts, determined the biological implications of such a DDSP factor in changes occurring in tumors under treatment conditions, and explored potential interventions to circumvent the pathological impact of major soluble effectors that are critical to resistance acquired from the damaged TME, with an aim of improving therapeutic indexes in clinical oncology.
RESULTS

SFRP2
expression is inducible by genotoxicity in stroma of solid tumors Anticancer agents cause significant cell perturbations including DNA damage, and promote tumor regression by activating apoptosis, autophagy and senescence programs. To assess the damage responses of human benign stromal cells comprising the TME, we focused on a primary prostate fibroblast line PSC27, an optimized in vitro cell model for tumor-stroma interaction studies. 4 Following treatments with hydrogen peroxide (H 2 O 2 ), bleomycin or ionizing radiation (RAD), each generating remarkable DNA strand breaks in the nuclei, SFRP2 transcript was significantly upregulated in PSC27 cells with an average of 25-fold, evidence of SRFP2 overexpression in stroma on genotoxic stress (Figure 1a) .
To extend the finding to more general clinical settings of prostate cancer (PCa), we examined SFRP2 induction with additional drugs including mitoxantrone (MIT) and satraplatin (SAT), two genotoxic agents frequently administered to PCa patients as components of a second-line chemotherapy. [12] [13] [14] In addition, similar treatments were performed with the human breast fibroblast line HBF1203. 4 Interestingly, SFRP2 induction was consistently observed in fibroblasts derived from both the prostate (PSC27, Figures 1b-d ) and the breast (HBF1203, Supplementary Figure S1 ), indicating that SFRP2 expression is not restricted to certain genotoxic drug or specific organ, but universal to multiple forms of DNA damaging agents and diverse types of tissues. Encoded as a soluble factor by the DDSP program, SFRP2 was secreted into the conditioned media (CM) on treatment-provoked biosynthesis in the fibroblast cytoplasm (Figures 1c and d) . In contrast to the acute response of DNAdamaged fibroblasts (usually referred to the first 24-72 h after treatment), SFRP2 upregulation was more readily detectable ⩾ 1 week later, an expression pattern that was indeed common for most of other secreted factors on the DDSP top list, including MMP1, WNT16B, SPINK1, MMP3, IL-8 and EREG ( Figure 1e) .
As previous studies reported that SFRP2 is overexpressed in the vasculature of 85% human breast cancer patients, 15 we asked whether its induction on DNA damage is general in the tumor foci or specific to some cell subpopulations, including the wellcharacterized lines derived from the primary or metastatic sites. Treatments to PSC27 and several typical PCa epithelial lines with RAD, MIT or SAT demonstrated that SFRP2 is more inducible in fibroblasts rather than in epithelial cells which only had minor responses, even when they received the same dose of cytotoxicity per agent (Figures 2a and b) .
We recently reported that the expression of another DDSP factor, WNT16B, a human Wnt family member, arises from tumoradjacent stroma on chemotherapy but functions as a paracrine molecule in the TME to alter multiple epithelial phenotypes. 4 As an interesting point, the DDSP is not hormone dependent, but rather relies on signals delivered by DNA damage or genotoxic stress indeed. In this study, therefore, we chose to compare the expression levels of SFRP2 in a cohort of patients diagnosed with colorectal cancer (CRC, representative of solid tumors harboring typical TMEs) between pre-and post-chemotherapy by analyzing several cell subpopulations acquired by laser capture microdissection. Data showed that SFRP2 transcripts increased remarkably in stromal cells (P o 0.01) but not in epithelial compartments regardless of malignancy (P40.05) (Figure 2c ). As supporting evidence, results from immunohistochemistry staining of clinical specimens confirmed distinct SFRP2 expression, which was clearly more intensive in the surrounding stroma of tumor foci from patients who underwent neoadjuvant chemotherapy (Figure 2d) . Echoing WNT16B induction which also displayed a stroma-specific pattern on the sequential sections from same patients (Figure 2d ), our data implied that special regulatory mechanism of SFRP2 in the resident non-epithelial cells is operative. Pathological assessment of WNT16B and SFRP2 disclosed that both factors were significantly upregulated in the periglandular stroma, with the expression positively correlated (Figures 2e-g ). Of note, higher expression of each protein is associated with poor clinical outcome of the CRC population (Supplementary Figure S2) . Although both SFRP2 and WNT16B appear to be synthesized more readily in stroma of patients after chemotherapy, the underlying rationale remains unclear and deserves continued studies.
NF-κB complex mediates SFRP2 expression on genotoxicityinduced stress Chemotherapy causes cellular senescence, and emerging data pinpoint NF-κB signaling as the major pathway that modulates the DDSP or forms a senescence-associated secretory phenotype, terms sharing diverse similarities. 16, 17 Further, enhanced NF-κB transcriptional activity and IL-6/IL-8 secretion are among the typical markers of the secretory phenotype formed in DNA damage settings. 18 We asked whether genotoxicity-induced SFRP2 expression occurs through transcriptional regulation by the NF-κB complex. Bioinformatics identified multiple NF-κB-binding motifs in the SFRP2 approximal promoter region and in vitro reporter assays validated their functional relevance through a series of promoter-incorporated constructs and singlesite mutagenesis (Figure 3a) . It was evident that MIT, RAD or the tumor necrosis factor α, well-known NF-κB inducers, significantly promoted SFRP2 reporter activity (Figures 3a and b) . Indeed, a handful of bona fide NF-κB-binding sites (p1-p4) exist in SFRP2 promoter as revealed by antibody-specific chromatin immunoprecipitation (ChIP) assays; data substantiated by positive controls encompassing promoter regions of typical DDSP factors including WNT16B and IL-8 ( Figure 3c ). The presence of multiple NF-κB-binding sites in SFRP2 promoter implies functional involvement of this transcription complex in regulating SFRP2 expression after genotoxic stress. In supporting experiments, we applied a PSC27 subline that stably expresses a mutant nuclear factor of κ light polypeptide gene enhancer in B cells inhibitor α (IκBα) (PSC27 IκBα ), which blocks IκB kinase (IKK)-initiated ubiquitin-dependent IκBα degradation and thus attenuates NF-κB signaling (Supplementary Figure S3a) . 4 On treatment with DNA damaging agents including bleomycin, SAT or RAD, NF-κB translocated to the nucleus with remarkably enhanced reporter activity (~10 Cell lysates were collected at day 3, 7, 10 and 15, respectively, followed by qRT-PCR assays. Signals per factor normalized to the untreated (or pre-treatment). Data are representative of three independent experiments, with P-values indicated. ***P o0.001. Figures S3c and d) . Of note, PSC27 cells with disabled NF-κB signaling showed a significantly reduced SFRP2 expression after genotoxic treatments (Figure 3d ). Among diverse DDSP factors overexpressed in damaged fibroblasts, many exhibited NF-κB-dependent biosynthesis including MMP1, WNT16B, IL-8 and ANGPTL4, while others like SPINK1, MMP3 and ERG did not, implying the biological complexity of DDSP signaling network, which seems to involve multiple regulatory pathways with each responsible for production of a subset of DDSP-encoded effectors. 2 Functional implication of SFRP2 and coordinating activities of LRP6 in WNT16B signaling Human SFRPs constitute a family of five conserved proteins that have broad implications in embryonic development and pathological conditions including tumorigenesis. Some studies suggested that SFRP2 inhibits the Wnt/β-catenin pathway thus acting as a tumor suppressor. 19, 20 To the contrary, several reports claimed that SFRP2 induces tumor growth on production in certain malignancies including glioma and renal cancer by activating canonical Wnt signaling, 21, 22 or stimulates angiogenesis via a calcineurin/NFAT as non-canonical Wnt transduction in breast cancer. 8, 15 On WNT16B-mediated activation of canonical pathway, β-catenin is stabilized in the cytoplasm followed by nuclear translocation and subsequent enhancement of TCF/LEF signals. 4 To determine effects generated by SFRP2, we first chose to eliminate SFRP2 via gene-specific shRNAs (Supplementary Figure S4a) . The transcriptional activation of TCF/LEF-downstream factors was promoted by CM from damaged fibroblasts (PSC27-RAD), an action mainly mediated by WNT16B but abrogated on WNT16B knockdown as evidenced by TCF/LEF reporter assays (P o 0.05) (Figure 4a ). When the CM from a PSC27 subline overexpressing SFRP2 (PSC27-SFRP2) (Supplementary Figure S4b) was applied to culture PC3 cells, TCF/LEF-dependent reporter activity remained unchanged, implying SFRP2 alone did not activate this pathway (Figure 4a ). However, when SFRP2 and WNT16B were co-expressed in fibroblasts (PSC27-WNT16B-SFRP2), Immunoblot analysis of biological effects generated by fibroblast-derived WNT16B and SFRP2 on PC3 cells under culture conditions. (c) Molecular associations between FZD 3/4/6, LRP6 and WNT16B. On culture with CM from PSC27-RAD fibroblasts for 3 days, PC3 cells were lysed with extracts subject to immunoprecipitation using a monoclonal anti-WNT16B (IgG as control). Pull-down precipitates were analyzed for the presence of FZD 3/4/ 6, LRP6 with immunoblotting. Either small interfering RNAs (siRNAs) for SFRP2 were used to suppress expression in PSC27 cells, or DKK1 provided to PC3 cells in media to inhibit Wnt signaling. SCM, scramble siRNA.
the resulting CM caused remarkable elevation of TCF/LEF activities, with signals even higher than those of the condition when WNT16B was produced alone (PSC27-WNT16B). Moreover, immunoblots demonstrated that addition of SFRP2 further increased the amount of cytoplasmic β-catenin stabilized by paracrine WNT16B in PC3 cells (Figure 4b ). DKK1 antagonizes Wnt signaling via specifically binding to the co-receptor LRP6 thereby preventing formation of the FZD/LRP6 complex and subsequent LRP6 phosphorylation induced by GSK3β. 23 In the presence of DKK1, neither WNT16B nor SFRP2 was able to induce canonical Wnt activities, and this was accompanied by diminished LRP6 phosphorylation (Figure 4b ). The data suggest that recombinant DKK1 essentially blocked WNT16B-elicited and SFRP2-augmented canonical Wnt signals, a finding validated by recent literature that DKK1 inhibits canonical Wnt pathway through interfering with access of Wnt molecules that recognize spatially adjacent β-propellers/epidermal growth factor repeat pairs on LRP6 ectodomain. 24, 25 WNT16B triggers canonical Wnt pathway and transduces signals across plasma membrane, but whether WNT16B recognizes certain Wnt receptors in addition to LRP6, remains unknown. We examined the FZD family of G-protein-coupled receptors that are constitutively expressed in PC3 cells and functionally relevant in mediating WNT16B signals. Majority of the 10 human FZDs were detectable by quantitative reverse transcription-PCR (not shown), and immunoprecipitation assays indicated the molecular association between WNT16B and FZD 3, 4 and 6 on exposure of cancer cells to PSC27-RAD CM (Figure 4c ). However, when SFRP2 was genetically removed from the fibroblasts prior to DNA damage, interactions between WNT16B and its receptors were significantly weakened, implying that SFRP2 plays an important role in consolidating the association between WNT16B and the individual receptors. Surprisingly, the physical interplays between WNT16B and FZDs or LRP6 even diminished when DKK1 was applied at a concentration of 10 nM (Figure 4c ), indicating a pivotal role of LRP6 in coordinating the association of WNT16B and the receptor complex.
SFRP2 augments WNT16B signaling to promote malignant phenotypes of PCa cells The damage-responsive program DDSP comprises a wide spectrum of soluble factors with the capacity to modify the phenotypes of cancer cell populations through paracrine pathways. 16 We next sought to determine whether SFRP2 is involved in cancer progression on establishment of a fibroblastspecific secretion phenotype under genotoxic conditions. CM derived from radiated PSC27 fibroblasts (PSC27-RAD) increased proliferation by 2.7-3.3 fold, migration by 1.9-2.4 fold and invasiveness by 2.9-3.7 fold of neoplastic prostate epithelial lines (Figure 5a; Supplementary Figures S5a-c) . In the absence of SFRP2, CM from damaged fibroblasts produced less effects to cancer cells with a reduction of~10-15%, depending on the cell line. In contrast, phenotypic changes were more dramatic if WNT16B expression was suppressed, which caused a reduction of 28-35%. Interestingly, when both SFRP2 and WNT16B were eliminated from PSC27 cells, the reduction percentage of each epithelial phenotype resembled that of conditions when WNT16B was silenced alone.
To further characterize the functional involvement of stromal SFRP2 in altering cancer cell phenotypes, we applied MIT, the type II DNA topoisomerase inhibitor frequently combined with prednisone as a second-line treatment for metastatic castrationresistant PCa. Epithelial cells exposed to PSC27-RAD CM showed significantly improved survival on cytotoxic treatment (IC50, Figure 5b ). In contrast to SFRP2, WNT16B conferred higher extent of protection against cell death. When both SFRP2 and WNT16B were withdrawn from the full DDSP spectrum, the consequence was similar to that caused by CM from the condition when only WNT16B was eliminated. Altogether, data derived from prostate epithelial cells strongly support that WNT16B is one of the major secreted factors that substantially promote cancer resistance, whereas functional effects of SFRP2, however, principally rely on the presence of WNT16B in the microenvironment.
To further confirm the findings and explore the feasibility to specifically target WNT16B, a critical Wnt pathway ligand produced by the stromal DDSP to promote malignancy via its paracrine activities, we purified a monoclonal WNT16B antibody obtained from a commercial source (Supplementary Figure S6a) . Cell apoptosis measured 24 h after MIT exposure was markedly alleviated by CM from PSC27-RAD cells, an effect that was significantly reversed by anti-WNT16B as compared with the nonspecific control IgG (Figures 5c and d) . CM from damaged PSC27, representing the full fibroblast DDSP, increased the viability of PC3 cells exposed to MIT at concentrations ranging from 0.1 to 1 μM in culture, while anti-WNT16B abrogated such protection with the efficacy close to that of XAV939, a potent small molecule inhibitor of canonical Wnt pathway used as a positive control (Figure 5e ).
Anti-WNT16B promotes cancer cell apoptosis in vivo on chemotherapy We next interrogated whether antibody-mediated WNT16B suppression causes in vivo responses following genotoxic treatment to experimental animals. For this purpose, we performed SCID mice-based subrenal capsule xenografting with tissue recombination, where PC3 cells were pre-admixed with PSC27 fibroblasts at an optimized ratio of 4:1. Two weeks after transplantation when tumors showed stable intake by animals, a single dose of MIT or placebo was administered along with anti-WNT16B or IgG. Seven days after treatment, the tumors were dissected for tissue analysis with immunofluorescence staining. In contrast to placebo, MIT-associated genotoxicity triggered remarkable nuclear transportation of β-catenin in cancer cells (Figure 6a ). However, co-administration with anti-WNT16B through i.p. injection significantly prevented such cytoplasm-nucleus translocation, as evidenced by confocal imaging. Compared with the nonspecific IgG, anti-WNT16B markedly enhanced the number of apoptotic cells in tumor xenografts, even in the presence of PSC27 fibroblasts (Figure 6b ). Statistical data indicated that DNA damage index remained unchanged when anti-WNT16B was administered to animals, but the percentage of caspase 3-positive cells increased significantly as compared with the IgG group (Figure 6c) . To confirm the apoptotic responses mediated by anti-WNT16B upon chemotherapy, we made castration-based but androgen-sensitive xenografts consisting of PSC27 and VCaP, the latter an epithelial line biologically recapitulating human CRPC conditions. 26 Although the percentage of apoptotic cells increased in these tumors, delivery of anti-WNT16B repeated the results observed in PC3-bearing tumors (Figure 6d ). Our data suggested that elimination of WNT16B from the damaged TME contributed to increased responses to chemotherapy, as co-targeting cancer cells and a key DDSP effector significantly improved cancer cell apoptotic index, results independent of androgen response/AR signaling activities of the prostate tumors per se.
Targeting WNT16B minimizes resistance acquired from the treatment-damaged while functionally activated TME To determine the pathological influence of the treatmentremodeled TME on tumor resistance in vivo, we xenografted mice with PC3 and PSC27, with fibroblasts pre-exposed to radiation in vitro and performed a longer follow-up. Two weeks after transplantation, anti-WNT16B was administered as one-time injection. At the end of an 8-week course, tumors were dissected with volumes measured. In contrast to PSC27 control grafts (PC3+PSC27) which averaged 308 mm 3 , sizes of grafts harboring SFRP2 assists WNT16B to promote cancer resistance Y Sun et al Figure 5 . SFRP2 promotes PCa epithelial cell proliferation and resistance to cytotoxic chemotherapy in a WNT16B-dependent manner. (a) SFRP2 contributed to PC3 proliferation, an activity dependent on the presence of WNT16B. Full spectrum of fibroblast DDSP caused by γ-irradiation (PSC27-RAD) accelerated growth of PC3 cells, which was less when SFRP2 was knocked down (PSC27-RAD+shRNA SFRP2 ) or attenuated once WNT16B was eliminated (PSC27-RAD+shRNA WNT16B ). (b) SFRP2 augmented PC3 chemoresistance. Similar to the case of a, functional gain was significant but relied on the existence of WNT16B in culture. (c) Cancer cell images by brightfield microscopy. PC3 cells were cultured with CM from different cell groups, photographed 24 h after exposure to vehicle or MIT at IC50. Scale bar, 50 μm. Figure S6b) . Anti-WNT16B treatment did not change the volumes of PC3+PSC27 tumors, but reduced the sizes of PC3+PSC27-RAD grafts to 430 mm 3 , representing a 26.8% shrinkage (Po 0.01).
To more precisely simulate the physiological reality of cancer therapy in clinical settings, we generated grafts with undamaged (or native) PSC27 fibroblasts, and followed another 8-week regimen composed of three cycles of MIT given every other week starting from the beginning of the 3rd week (Figure 7a ). Chemotherapy to PC3-only animals dramatically reduced tumor sizes (59.2%, P o 0.001), whereas anti-WNT16B did not further improve the outcome (P = 0.18) (Figure 7b ). Although co-transplantation of PC3 cells and PSC27 fibroblasts allowed tumor size to increase remarkably (averaged at 307 mm 3 ), MIT treatment resulted in a prominent reversal of tumor expansion by 38.8% (to 188 mm 3 ) (P o0.001). Surprisingly, co-administration of MIT and anti-WNT16B generated a significantly enhanced tumor regression, with a final volume averaged at 122 mm 3 , which was an additional reduction of 35.1% compared with MIT treatment alone (Figures 7b and c) . Similar efficacy of combinational treatment was observed in the VCaP/PSC27 group, where anti-WNT16B generated an additional shrinkage of tumors by 30.2% (Supplementary Figure S6c) . To generalize the findings to alternative types of solid tumors, we applied such combinational treatments to xenografts composed of breast cancer cells MDA-MB-231 and breast fibroblasts HBF1203, with similar efficacy achieved (33.4%) (Supplementary Figure S6d) .
Epithelial-to-mesenchymal transition is a typical change of cancer cell phenotype, as induced by the therapy-damaged fibroblasts to promote resistance, substantially driven by WNT16B via a paracrine action in vitro. 4, 27 In this study, MIT-delivered cytotoxicity caused a typical epithelial-to-mesenchymal transition switch as evidenced by Immunofluorescence staining of xenograft tissues, with decreased E-cadherin expression in the cytoplasm and concurrently increased β-catenin accumulation in PC3 nuclei Figure S7a) . However, anti-WNT16B, through neutralizing the specific target WNT16B in TME niches, remarkably reversed the epithelial-to-mesenchymal transition-associated tendency (Supplementary Figures S7a and b) . As supporting evidence, similar changes were observed in VCaP/PSC27 and MDA-MB-231/HBF1203 tumors (not shown).
To examine the systemic consequence of chemotherapy in experimental mice that received MIT administration via i.v. infusion, we performed comprehensive analysis of several solid organs including prostate, lung, colon and circulating blood. Of note, immunoblot analysis indicated the presence of WNT16B in not only solid tissues but also the serum of treated animals, with data convincingly consolidated by enzyme-linked immunosorbent assay (ELISA) assays (Supplementary Figures S8a and b) . Thus, experiments disclosed the fact that typical DDSP effectors like WNT16B generated as soluble factors by the damaged TME are indeed capable of entering circulation, which allows detection by routine biotechniques. WNT16B and other factors including IL-8 released by the microenvironment (Supplementary Figure S8b) under chemotherapy or radiation may represent novel biomarkers for clinical diagnosis to help assess therapeutic efficacy and evaluate tissue damage in the setting of anticancer therapeutics in clinical oncology.
DISCUSSION
Acquired resistance presents a major challenge to cancer therapies. To date most studies focus on cell intrinsic or autonomous mechanisms of cancer resistance arising in response to therapeutic regimens. However, mounting lines of evidence indicate that the TME confers exogenous resistance to cancer cells. 28, 29 In solid tumors, the TME consists of the extracellular matrix, cancer-associated fibroblasts, endothelial cells, neuroendocrine cells, pericytes, immune and inflammatory cells, each lineage contributing to tumor heterogeneity, which is associated with altered drug responses. 30 The protection exerted by activated TME forms a refuge for cancer cell populations including cancer stem cells against cytotoxic agents, thus enabling them to evade apoptosis and develop acquired resistance as a prerequisite for disease recurrence. 31, 32 The TME-mediated resistance to chemotherapy, radiation or targeted therapies has entered the spotlight of intensive investigation, and we recently identified WNT16B as an important TME-derived and treatment-induced modulator of chemotherapeutic sensitivity. 4, 33 Numerous proteins are generated by cancer-adjacent stroma on therapy-caused tissue damage, and whether there are molecular interactions between these soluble factors remains unknown. In this study, we report that SFRP2, a Wnt pathway regulator, is produced by human fibroblasts that display a secretory phenotype. Importantly, SFRP2 functions as an active agonist of WNT16B, and promotes cancer resistance in the context of treatment-caused tissue damage. Our finding further highlights the biological complexity of the TME, particularly in pathological settings where the disease resistance evolves under therapeutic pressure. 34 The canonical Wnt pathway medicated by β-catenin signaling has a crucial role in embryonic development, stem cell maintenance and tumor progression. 6 Although Wnt/β-catenin activities can be either positively or negatively correlated with patient outcomes in a cancer stage-and/or type-specific manner, WNT16B is not only as a senescence marker but a tumor promoter that exerts paracrine effects via promoting treatment resistance. 4, 35 Due to the sequence homology with Wnt-binding domain of FZD receptors, SFRP2 used to be considered antagonist of canonical Wnt signaling. 20 However, experimental data suggested that SFRP2 augments the oncogenic activities of WNT16B by facilitating cancer cell proliferation, migration, invasion and more importantly, drug resistance. In fact, synergistic effects of SFRPs on Wnt signaling have been reported in several former studies, particularly that SFRP2 enhances Wnt3a-dependent phosphorylation of LRP6 and promotes β-catenin cytoplasmic stability accompanied by nuclear translocation. 36, 37 Interestingly, stroma-derived SFRP2 alone neither activated β-catenin signaling nor caused cancer cell phenotypic changes, activities essentially reliant on the presence of WNT16B co-expressed from damaged fibroblasts. On mammalian cell surface, Wnt proteins recognize two types of receptors, including the serpentine receptor family of FZDs and the single-pass transmembrane receptors LRP5/6. 6 Experiments indicated phosphorylation of LRP6 in cancer cells when WNT16 was present, a reaction further enhanced by SFRP2. However, Wnt signaling was abrogated by silencing SFRP2 or treatment with DKK1, as evidenced by the diminished interactions between WNT16B and several FZDs. Since DKK proteins inhibit Wnt pathway by directly binding to the ectodomains of LRP5/6, 38 it is reasonable to speculate the functional importance of LRP6 in organizing the receptor complex that comprises both LRPs and FZDs to transduce Wnt signals, whereby LRP6 is a critical molecule to physically bridge WNT16B and FZDs. Within extracellular microenvironments, nevertheless, how SFRP2 augments WNT16 activities remains unclear; one possibility is that mutual binding of two secreted proteins may increase their individual stability, particularly in a context of protease-enriched TME milieu including multiple MMPs that are co-released by the treatment-damaged stroma (Figure 1a) .
The regulation of DDSP is complicated, with mechanisms implicating DNA damage repair, chromatin remodeling by HDAC1 Figure 7 . Chemotherapy resistance acquired from the damaged TME but attenuated by a WNT16B-targeting agent. (a) Schematic outline of the chemotherapeutic regimen applied to SCID mice on subrenal capsule implantation. Within the first 2 weeks, xenografts were allowed to settle in the capsules for sufficient intake. Administration of MIT and/or anti-WNT16B was performed on the 1st day of the 3rd, 5th and 7th week, with tumors collected at the end of 8th week. Drugging route, i.p. injection. (b) In vivo effects of MIT treatment, WNT16B targeting or combinatorial therapy. Agents MIT and anti-WNT16B were administered either alone or combined as synergistic treatment. Xenografts comprised PC3 cells admixed with PSC27 fibroblasts. Tumor volumes of PC3/PSC27C grafts were 307.0 ± 13.17 mm 3 , those of PC3/PSC27C +MIT 188.2 ± 5.560 mm 3 , and those of PC3/PSC27C+MIT+anti-WNT16B 122.2 ± 6.728 mm 3 (P o0.001). n = 10 per group. Vertical arrows between horizontal lines at margin show percentage of tumor reduction. (c) Representative photographic images of renal capsule-based tumors on animal dissection after specified treatments. (d) Mechanistic model of the pathological influence of treatment-damaged TME, which modifies drug sensitivity through the WNT16B/SFRP2 axis. DNA damage caused by anticancer agents including chemotherapy and radiation shrink the bulk of tumors, however, it also provokes a typical DDSP phenotype characterized with stromal generation of multiple soluble factors including WNT16B and SFRP2 in a cell non-autonomous manner. The NF-κB complex plays an important role in transcription of many DDSP effectors. Secretion of WNT16B into the TME niche promoted tumor growth by activating canonical Wnt pathway in cancer cells, resulting in decreased therapeutic sensitivity. Acquired resistance develops and disease progression continues under treatment pressure. SFRP2, as a co-effector, further enhances WNT16B/β-catenin activity to shape diverse malignant phenotypes particularly resistance, and formation of FZDs/LRP6 receptor complex at cancer cell surface is essential for signal transduction. In addition, SFRP2 may also be involved in non-canonical pathways, for example, inducing angiogenesis via activation of the calcineurin/NFATc3 signaling of endothelial cells, indirectly contribution to tumor evolution. Red droplets, WNT16B; blue droplets, SFRP2; serpentine lines, FZD receptors; dark blue bars, LRP6 co-receptor; red branches, neovasculature.
inhibition, IL-1α autocrine stimulation, and transcriptional activation by NF-κB and C/EBPβ. 5, [39] [40] [41] Recent studies indicated p38MAPK mediates secretory phenotype development driven by NF-κB, with the regulation possibly more prominent in the early stage of DNA damage response. 42 In this study, we interrogated whether SFRP2 production is transcriptionally controlled by NF-κB after genotoxic treatment, and immunoprecipitation data revealed the presence of multiple NF-κB-binding sites in SFRP2 promoter. It is noteworthy that the NF-κB-regulated SFRP2 expression pattern resembles that of other effectors including the recently reported WNT16B, indicating a broad implication of this transcriptional machinery in modulating DDSP program. Although transcriptional signals persisted even after effective blockage of NF-κB activation, a phenomenon implying engagement of other molecular pathways including C/EBPβ and/or AP-1 on genotoxic treatment, 43 the NF-κB complex emerges as a master regulator of multiple DDSP factors including but not limited to WNT16B, IL-6 and IL-8. 27 However, given the high toxicity of general NF-κB suppression to diverse cell types, caution should be exercised to prevent severe side effects when selecting this complex as a therapeutic target, whereas alternative signaling nodes may be considered with higher priority such as the mammalian target of rapamycin. 44 On the other hand, of note, SFRP2 expression exhibits cell lineage specificity, with fibroblasts of higher induction potential in genotoxic settings. The mechanisms underlying robust biosynthesis in stroma contrasting relatively marginal production of SFRP2 in cancer cells on genotoxic stress remain elusive, but SFRP2 hypermethylation is a common event in multiple malignancies including PCa, and SFRP2 tends to be gradually lost from benign to malignant prostate glands as revealed by previous tissue microarray analysis. 45, 46 Antibodies that specifically target oncoproteins, cytokines or their associated signaling in the TME directly inhibit tumor progression and represent an effective option for cancer treatment. 47, 48 We applied the purified monoclonal antibody against WNT16B, a TME-generated unique Wnt molecule that confers acquired resistance to cancer, and observed considerably improved preclinical outcome in restraining tumor survival. PCa recurrence involves continued growth of neoplastic epithelial cells, as the androgen-dependent disease progresses to CRPC following initial androgen-deprivation therapy. Despite recent success with anti-androgens including abiraterone and enzalutamide (MDV3100), durable responses are limited and acquired resistance develops. Alternative treatments including the secondline chemotherapy usually involving MIT, SAT or docetaxel, are thus essential to control tumor growth in patients who have failed androgen-deprivation therapy. However, acquired resistance to chemotherapy remains the major limitation of therapeutic efficacy, and interactions between tumors and their surrounding microenvironments cause disease exacerbation in PCa patients. Besides SFRP2 and WNT16B, typical DDSP factors including IL-6, IL-8, EREG and AREG may activate pathways associated with the proliferation and survival of PCa cells, therefore also linked with resistance to chemotherapy independent of the AR axis. 12 Altogether, this is a first report documenting that stromaderived SFRP2 interacts with a co-released DDSP factor to activate the canonical Wnt pathway thereby promoting chemotherapy resistance (Figure 7d) , and the effects can be eliminated by antibody-mediated treatment on combination with conventional chemotherapy. It is increasingly evident that individual compartments of the TME do not stay as quiet bystanders, but significantly influence tumor initiation, growth, metastasis, and more importantly, therapeutic response. 49 To this end, we discovered that SFRP2 augments WNT16B signaling to significantly confer therapeutic resistance. Cancer is not a solo production but rather an ensemble performance, as supported by the fact that benign cells in the surrounding milieu of cancer cells actively facilitate the malignant progression, even under therapeutic conditions. In this study, we determined the expression pattern of SFRP2 and disclosed its influence on WNT16B-associated cancer activities, exemplifying the complex dynamics of soluble factors in the TME where cancer cells are subject to treatment selection pressure.
Our study provides a novel strategy for targeting cancer cells while effectively manipulating the TME components to achieve optimal therapeutic indexes, and presents a group of emerging biomarkers that may be exploited for pathological surveillance of patient TME activity and practical targeting as an essential part of well-tuned anticancer interventions. In nature, our findings have broad implications for multiple tumor types, and open new avenues to improve therapeutic outcome by demonstrating the prominent translational value of targeting a therapeutically activated but functionally deleterious TME in the upcoming era of precision oncology.
MATERIALS AND METHODS
Cell lines and treatments
Normal human primary prostate fibroblast line PSC27, breast fibroblast line HBF1203, prostatic epithelial lines BPH1, M12, DU145, PC3, LNCaP, VCaP and breast cancer cell line MDA-MB-231 (ATCC, Manassas, VA, USA) were cultured as previously described. 4 For DNA damage, fibroblasts were grown until 80% confluent and treated with individual agents at optimized concentrations as reported previously. 4 
Constructs and lentivirus
Human SFRP2 full length complementary DNA cloned between RsrII and NotI in the vector pCMV6-AC (Origene, Rockville, MD, USA) was digested with BamHI and XhoI, then subcloned into pLenti-Puro. WNT16B complementary DNA was cloned in pLenti-CMV/2-Puro-DEST as described formerly. 4 In vitro cell assays Confluent PSC27 fibroblasts were incubated for 3 days in DMEM+0.5% FBS, with supernatant harvested as fibroblast-derived CM. Epithelial cells were treated with CM, followed by in vitro assays. For canonical Wnt pathway blockage, DKK1 was added to a final concentration of 10 nM. For chemoresistance, epithelial cells were cultured with fibroblast CM while receiving MIT near individual cell line's IC 50 .
Expression microarray
Whole genome Agilent microarray analysis was performed as described previously. 4 Patient specimen acquisition and analysis Administration of fluorodeoxyuridine and oxaliplatin was performed as preoperative hepatic and regional arterial chemotherapy (PHRAC) to patients with stage II (T3-4, N0, M0) or stage III (T0-4, N1-2, M0) CRC based on a thorough preoperative evaluation. Eligible patients of o 75 years with histologically proven adenocarcinoma of the colon or rectum, no severe major organ dysfunction, were randomly assigned to receive either PHRAC or surgery alone (40 patients/group). Written informed consent was provided by all patients. Randomized control trials protocol was approved by the Institutional Review Board of Fudan University School of Medicine, with methods carried out in accordance with the approved guidelines.
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Data regarding tumor size, histologic type, tumor penetration, lymph node metastasis and pathologic TNM disease stage were obtained from the pathologic records (Supplementary Table S1 ), with chemotherapy performed as previously reported. 50 OCT-frozen specimens were processed for laser capture microdissection, with formalin-fixed paraffin-embedded sections subject to histological assessment. For gene expression, stromal compartments (associated with tumor foci)/benign epithelium/cancer epithelium were separately isolated from patient-matched tumor biopsies before and after chemotherapy using an Arcturus (Veritas Microdissection, Waltham, MA, USA) laser capture microscope following the criteria defined formerly. 7 
NF-κB regulation assays
Genetic blockage of NF-κB nuclear translocation was performed as described previously, 4 with chemical inhibition achieved with a small molecule inhibitor Bay 11-7082 (Selleck, Huangpu, Shanghai, China) at 5 μM in culture.
SFRP2 promoter analysis and ChIP assays
A 4000-bp region immediately upstream of the human SFRP2 gene was analyzed for core NF-κB-binding sites. After ChIP assays the immediate 5′ upstream sequences containing putative NF-κB-binding elements were amplified from human genomic DNA. Plasmids containing multiple mutant NF-κB-binding site(s) were generated from the reporter constructs by sitedirected mutagenesis (Strategene, Santa Clara, CA, USA).
Purification, refolding and validation of anti-WNT16B
Mouse anti-human WNT16B monoclonal antibody was purified by affinity chromatography using a Sephadex G25 gel filtration column (Madison, WI, USA). After one-step chromatographic purification in denaturing conditions, dialysis was followed to improve the specific immunoreactivity of antibody. The refolding procedure consists of consecutive dialysis baths with decreasing urea concentrations. Specificity and affinity constants were alternatively determined using ELISA and surface plasmon resonance, respectively.
Xenograft and chemotherapy
Animal studies were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Washington, according to the NIH guideline for laboratory animals. ICR SCID mice at an age of~6 weeks were used. For tissue recombinants, fibroblasts and epithelial cells were admixed at a ratio of 1:4, with each recombinant comprised of 1.25 × 10 6 cells. Subrenal capsule implantation was performed, with animals killed 8 weeks after. Tumor volume (V) was determined per tumor length (l) and width (w): V = (π/6) × ((l+w)/2) 3 . For chemoresistance studies, mice received subrenal capsule xenografts under standard laboratory diets and water ad libitum for 2 weeks before administration of MIT (0.2 mg/kg doses) and/or anti-WNT16B (500 μl, 10 mg/kg doses) via i.p. injection on day 1 of week 3, 5 and 7. Totally 3 × 2-week cycles were administered. On completion of the regimen, kidneys were removed for tumor measurement and histological analysis. The cumulative MIT dose received per mouse was 0.6 mg/kg, anti-WNT16B 30 mg/kg. For systemic WNT16B induction by chemotherapy, MIT administration (i.v. infusion) followed the same schedule designed as above with the dose reduced to 0.1 mg/kg per injection (cumulative 0.3 mg/kg) to control overall toxicity. Through i.p. route, anti-WNT16B was given together with MIT, with the dose reduced to half correspondingly. At the end of 8th week, animals were killed with organs collected for examination.
ELISA assay
Serum levels of WNT16B and IL-8 from mice subject to chemotherapy and/or antibody treatment were quantified using ELISAs (MyBioSource, San Diego, CA, USA) according to manufacturer's instructions.
Statistics
All data are presented as the mean ± s.d. representative of at least triplicate experiments. For animal studies, no blinding was performed; n = 10 per group to ensure adequate power. The number of animals used gives an α = 0.05, with power = 0.80. This analysis was based on data input from previous studies with PC3 tumors and responses to chemotherapeutic drugs. 4 Statistical analyses were performed on raw data for each group by one-way analysis of variance or a two-tailed Student's t-test, with P o0.05 considered significant. The variance per assay was similar between the groups statistically compared.
